Thaumarchaea are among the most abundant microbial groups in the ocean, but controls on their abundance and the distribution and metabolic potential of different subpopulations are poorly constrained. Here, two ecotypes of ammonia-oxidizing thaumarchaea were quantified using ammonia monooxygenase (amoA) genes across the equatorial Pacific Ocean. The shallow, or water column "A" (WCA), ecotype was the most abundant ecotype at the depths of maximum nitrification rates, and its abundance correlated with other biogeochemical indicators of remineralization such as NO 3 : Si and total Hg. Metagenomes contained thaumarchaeal genes encoding for the catalytic subunit of the urease enzyme (ureC) at all depths, suggesting that members of both WCA and the deep, water column "B" (WCB) ecotypes may contain ureC. Coupled urea hydrolysisammonia oxidation rates were similar to ammonia oxidation rates alone, suggesting that urea could be an important source of ammonia for mesopelagic ammonia oxidizers. Potential inducement of metal limitation of both ammonia oxidation and urea hydrolysis was demonstrated via additions of a strong metal chelator. The water column inventory of WCA was correlated with the depth-integrated abundance of WCB, with both likely controlled by the flux of sinking particulate organic matter, providing strong evidence of vertical connectivity between the ecotypes. Further, depth-integrated amoA gene abundance and nitrification rates were correlated with particulate organic nitrogen flux measured by contemporaneously deployed sediment traps. Together, the results refine our understanding of the controls on thaumarchaeal distributions in the ocean, and provide new insights on the relationship between material flux and microbial communities in the mesopelagic.
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Microbial diversity in the ocean is vast, even within coexisting, closely related groups of microorganisms. Within this diverse assemblage, the distribution of specific microbial ecotypes-ecologically differentiated but phylogenetically similar populations (Cohan 2001 )-should be shaped by the physicochemical features of the surrounding environment. In the ocean, the ecotype framework has been applied to explain diversity patterns in some of the most abundant bacterial groups (reviewed in Cordero and Polz 2014) . For example, ecotypes of the cyanobacterium Prochlorococcus appear closely tied to light physiology (Moore et al. 1998 ) and vary predictably with temperature and light both temporally (Malmstrom et al. 2010 ) and across basin-scale gradients (Johnson et al. 2006; Zinser et al. 2007) . Similarly, ecotypes of abundant heterotrophic bacterial clades vary predictably with temperature, depth, and season such as SAR11 in the Sargasso Sea (Carlson et al. 2009 ) and SAR86 in the surface ocean (Dupont et al. 2012) . Marine ecosystem models that include the physiological adaptations of these ecotypes are successful at recreating microbial biogeography (Follows et al. 2007) . While efforts to date have focused primarily on taxa in the surface and upper mesopelagic ocean, similar gradients in temperature and material flux exist throughout the mesopelagic. Yet, there are remarkably few quantitative, taxon-specific studies of planktonic microbes in the mesopelagic.
Thaumarchaeota are one of the most abundant microbial groups in the mesopelagic and deep oceans (Karner et al. 2001) and offer an attractive system for quantitative mapping of ecotypes across basin-scale physicochemical gradients. Thaumarchaea have been directly linked to nitrogen remineralization in the upper ocean through their role in the oxidation of ammonia (NH 3 ) to nitrite (NO 2 2 ), the first step of nitrification (Konneke et al. 2005; Wuchter et al. 2006 ). In the marine water column, ammonia-oxidizing thaumarchaea far exceed their bacterial counterparts, particularly in the open ocean (Santoro et al. 2010) . The hypothesized basis for this dominance is their high substrate affinity for NH 3 /NH (Gruber 2008) . Early studies of thaumarchaeal ammonia monooxygenase subunit A (amoA) gene sequences from the ocean recovered two distinct clades of pelagic ammonia-oxidizing thaumarchaea (Francis et al. 2005) , termed water column "A" (WCA) and water column "B" (WCB) , that have been suggested to represent "shallow" and "deep" adapted ecotypes (Hallam et al. 2006; Mincer et al. 2007; Beman et al. 2008 ) within the marine thaumarchaea (Pester et al. 2011) . Subsequent studies supported this hypothesis, with depth being a significant factor controlling ammonia-oxidizing archaeal community composition (Biller et al. 2012; Sintes et al. 2015) and observations of increasing WCB-like amoA gene abundance with depth (Santoro et al. 2010; Smith et al. 2014 Smith et al. , 2015 .
Despite an emerging understanding of the biogeography of thaumarchaea, the physiological basis for the WCA-WCB clade division has not been definitively identified. Depth in the ocean corresponds with gradients in nearly every physicochemical parameter including temperature, light, and organic matter flux. Only one cultivated representative of the shallow WCA clade has been described, Candidatus "Nitrosopelagicus brevis" (Santoro and Casciotti 2011; Santoro et al. 2015) and as-yet, there are no cultivated representatives of the WCB clade. Thus, exploring the physiological basis of the ecotype division is not yet possible with cultivated organisms. Though there are significant differences in gene content between pelagic and benthic thaumarchaea Santoro et al. 2015) , cultivationindependent single cell and metagenomic studies have suggested limited identifiable gene content differences between the shallow and deep pelagic thaumarchaea (Luo et al. 2014) . One hypothesized difference between the two ecotypes is tolerance to sunlight, as DNA photolyase was detected exclusively in the epipelagic clade (Luo et al. 2014 ). This protein, however, is expressed in the dark (Santoro et al. 2015) , thus its role in adaptation to light stress is uncertain. Other hypotheses put forth to explain the ecotype distributions include substrate affinity (Sintes et al. 2013; Smith et al. 2015) or the ability to use organic substrates other than reduced nitrogen as sources of energy and reducing equivalents (Qin et al. 2014) . For example, at least some thaumarchaea in the ocean appear to be able to use urea (Alonso-Saez et al. 2012; Qin et al. 2014; Swan et al. 2014) . Differential requirements for micronutrients, such as copper (Amin et al. 2013) , may also explain niche differentiation between the two ecotypes, but as yet are unexplored.
As thaumarchaea are a dominant taxon in the dark ocean, quantitative mapping of thaumarchaea may help inform some long-standing questions about energy supply to the deep ocean, and the relationship between material export from the surface and its impact on microbial communities below (Cho and Azam 1988) . Studies in the Pacific have found a general correspondence between latitudinal patterns in particulate organic matter (POM) flux and microbial abundance in the meso-and bathyplelagic (Nagata et al. 2000; Yokokawa et al. 2013 ), while no relationship was found across spatial gradients in POM flux in the Arabian Sea (Hansell and Ducklow 2003) . The same study, however, found a relationship between annual POM flux and bathypelagic microbial abundance, leading to the conclusion that bathypelagic microbial abundance integrates across a long-term average of material flux. These previous studies used cell count methods that cannot resolve individual microbial groups. With the ability to quantify genes at a resolution previously possible only with cell counts, relationships between individual microbial taxa and organic matter export can now be explored.
Motivated by a desire to understand both the distribution of thaumarchaeal ecotypes and the relationships between material export, nitrogen remineralization, and the abundance of thaumarchaea in the mesopelagic, here, we examine the distribution of thaumarchaea across a transect in the equatorial Pacific, a region of previous intensive investigation of carbon export (Murray et al. 1995) . Spatial mapping of the two thaumarchaeal ecotypes is compared to a suite of physicochemical parameters to identify physical and biological factors that could contribute to the distribution of each ecotype across multiple biogeographic provinces. Rate experiments using 15 NH 1 4 and 15 N-urea were conducted at a subset of sites to characterize the biogeochemical environment with respect to nitrogen remineralization. These experiments included treatments to identify the potential for trace metal limitation of urea hydrolysis and nitrification, which rely on metalloenzymes (Morel and Price 2003; Walker et al. 2010) . The results are compared to contemporaneous measurements of particulate organic nitrogen (PON) flux using sediment traps. This study is unique in that it examines the distribution of thaumarchaea over a rarely examined spatial and depth scale, ties these measurements directly to particulate flux measurements, and examines them against a rich dataset of accompanying environmental parameters.
Materials and methods
Cruise track and sample collection Samples were collected 01 October 2011-25 October 2011 during the METZYME cruise (KM1128) aboard the R/V Kilo Moana Saito et al. 2014 ). The cruise track was an 4500 km transect from Hawai'i, across the equatorial upwelling region, and west to the islands of Samoa (Fig. 1A) . Eleven oceanographic stations were sampled for molecular characterization of thaumarchaea. A subset of three stations (stations 1, 3, and 5) was chosen for additional geochemical characterization using stable isotope labeling experiments; two of these (stations 3 and 5) were chosen for metagenomic sequencing at select depths (see below).
Water samples were collected at discrete depths using either a standard 24-bottle rosette sampler equipped with an SBE9plus conductivity-temperature-depth (CTD) sensor package (SeaBird Electronics, Bellevue, Washington) or a 12-bottle trace metal clean rosette equipped with an SBE19 CTD. Nutrient samples were collected from the trace metal clean rosette at 12 depths between 0 m and 1000 m and stored frozen until analysis. Samples for nucleic acid extraction were collected from the rosette in 2-4 L polycarbonate bottles. With one exception, samples were collected from at least ten depths between 40 m and 1000 m, with additional sampling to 3000 m at stations 5, 9, and 11. Fewer samples were collected at station 4 due to loss of the ship's CTD rosette sampler; a reconstituted equipment package was used in subsequent stations lacking only a PAR sensor. Cells were harvested by pressure filtration onto 25 mm diameter, 0.2 lm pore-size polyethersulfone membrane filters (Supor-200, Pall Corporation, Port Washington, New York) housed in polypropylene filter holders (Whatman SwinLok, GE Healthcare, Pittsburgh, Pennsylvania) using a peristaltic pump and silicone tubing. Pump tubing was acid washed with 10% hydrochloric acid and flushed with ultrapure water between each sample. For DNA extraction and analysis, 1-4 L sample volumes were filtered depending on the biomass present at each station and depth, and the filters were flash frozen in liquid nitrogen in 2 mL gasketed bead beating tubes (Fisher Scientific).
Samples for metagenomic sequencing were collected from the 0.2-3.0 lm plankton size fraction using an in situ pumping system (McLane Research Laboratories, East Falmouth, Massachusetts) and captured on 142 mm, 0.2 lm pore size Supor-200 filters (Pall) as described previously (Saito et al. 2014) . Filters were sectioned immediately after pump recovery and approximately one quarter of the filter was stored at 2808C for later DNA extraction and sequencing (see below). Metagenomic samples were collected from station 3 at five depths: 150 m, 250 m, 300 m, 550 m, 800 m, and from station 5 at 50 m.
Nutrient analyses
Dissolved nitrite (NO 2 2 ), nitrite1nitrate (NO 2 2 1 NO 2 3 ), ammonium (NH 1 4 ), ortho-phosphate, and silicate concentrations were determined from thawed seawater samples using standard colorimetric methods at the Oregon State University College of Earth, Ocean and Atmospheric Sciences nutrient laboratory. Nutrient, mercury (Hg) speciation, and highperformance liquid chromatography (HPLC) pigment data from the cruise have been reported previously (Saito et al. 2014; Munson et al. 2015) and were used in the present data analysis. At the three stations where nitrification rates were measured (see below), low level ammonium concentrations [NH 1 4 ] were quantified at 7-10 depths in the upper 200 m at sea with the o-phthaldialdehyde fluorescence method (Holmes et al. 1999; Taylor et al. 2007 ) using duplicate 50 mL sample volumes with a detection limit of 31 nM. Dissolved urea concentration was determined colorimetrically using the diacetyl monoxime method (Price and Harrison 1987) with previously frozen samples from the initial timepoints of the 15 N-urea addition experiments (see below) using 10 mL sample volumes with a detection limit of 100 nM. Nitrification rates were calculated using the model described previously (Santoro et al. 2013 ) were calculated using a non-linear least squares curve fitting routine, implemented in MATLAB R2011b with the Optimization Toolbox. The fractionation factor for NO x assimilation (a) was taken to be 1.005. Standard error in the fit coefficients was calculated by approximating the covariance matrix, and using the square root of the diagonal to calculate the standard error. Isotope dilution of the tracer (Glibert et al. 1982) and rate stimulation by tracer addition (Horak et al. 2013 ) can lead to under or over estimation of Santoro et al. Thaumarchaea in the equatorial Pacific the calculated rates, respectively. No corrections for either process have been applied to the rates calculated here.
Urea hydrolysis and trace metal limitation experiments
A set of additional incubations were conducted at station 3 to determine rates of nitrification and urea hydrolysis coupled to nitrification, and to assess the effect of induced metal limitation on these processes via the addition of the metalchelating ligand TETA. Here we use TETA to describe the molecule 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid hydrochloride hydrate, abbreviated TETA by Martell and Smith (1977) . However, caution is advised not to confuse this molecule with another Cu chelator named TETA, triethylenetetramine. The TETA molecule utilized here has a strong affinity for Cu and Co; thermodynamic stability constants for TETA show an affinity for metals in the order Cu, Co, Ni, Zn, Fe(III), and Fe(II) (listed in order of decreasing stability constants; 0.1 ionic strength and 258C; Martell and Smith 1977) . Water for these experiments was collected at 150 m and 300 m depths using the trace metal clean rosette described above. For each treatment, triplicate trace metal clean 250 mL polycarbonate bottles were triple rinsed and filled within a temporary clean room on the ship. The treatments were: (1) 100 nM natural abundance NH (5) 15 N urea plus 0.1 lM TETA. Experiments were harvested after 32 h. As only two time points were available for urea-based nitrification rate determination, the linear equations of Dugdale and Goering (1967) were used to calculate the rate of 15 NO x production over time.
Nucleic acid extraction
Nucleic acids (DNA) were extracted as described previously (Santoro et al. 2010) , with slight modifications. Briefly, cells on the filters were lysed directly in the bead beating tubes with sucrose-ethylene diamine tetraacetic acid (EDTA) lysis buffer (0.75 M sucrose, 20 mM EDTA, 400 mM NaCl, 50 mM Tris) and 1% sodium dodecyl sulfate (SDS). Prior to mechanical lysis, filter samples were subject to three freezethaw cycles of 5 min in liquid nitrogen and 5 min in a 658C water bath. Tubes were then agitated in a FastPrep bead beating machine (MP Biomedicals) for 1.5 min at speed 5.5, and proteinase K (Invitrogen) was added to a final concentration of 0.5 mg mL 21 . Filters were incubated at 55 C for approximately 4 h and the resulting lysates were purified with the DNeasy kit (Qiagen) using a slightly modified protocol (Santoro et al. 2010) . The purified nucleic acids were eluted in 200 lL of DNase, RNase-free water (Gibco), and quantified using a fluorometer (Qubit and Quanti-T BR reagent, Invitrogen Molecular Probes).
DNA for metagenomic library construction and sequencing was extracted as previously described (Rusch et al. 2007 ). Briefly, TE buffer (pH 8) containing 50 mM ethylene glycol tetraacetic acid (EGTA) and 50 mM EDTA was added until filter pieces were barely covered. Lysozyme was added to a final concentration of 2.5 mg mL
21
, and the tubes were incubated at 378C for 1 h. Proteinase K was added to a final concentration of 200 lg mL 21 , and the samples were subjected to two cycles of rapid freeze-thaw. SDS (final concentration of 1%) and an additional 200 lg mL 21 of proteinase K were added, and samples were incubated at 558C for 2 h followed by three aqueous phenol extractions and one phenol/chloroform extraction. The supernatant was then precipitated with two volumes of 100% ethanol, and the DNA pellet was washed with 70% ethanol. Finally, DNA was treated with cetyl trimethylammonium bromide (CTAB) to remove enzyme inhibitors.
Quantitative PCR (qPCR) All qPCR assays were conducted using group-specific assays for the thaumarchaeal amoA gene for WCA and WCB ecotypes (Mosier and Francis 2011) , and stored at 2808C. Fresh standard dilutions were made from frozen stocks for each day of analysis. qPCR was carried out using the following thermal profile: 958C for 10 min, followed by 40 cycles of 958C for 30 s and 558C for 30 s. A minimum of three negative control qPCR reactions to which no DNA template was added were run with every assay. Efficiency was calculated relative to a theoretical standard curve slope of 3.32. All qPCR runs were setup using an epMotion 5070 automated liquid handling system (Eppendorf) to minimize between-run variability. A total of 148 samples were analyzed for each ecotype assay.
Metagenomic sequencing and bioinformatic analysis
Metagenomic sequence data were produced by the United States Department of Energy Joint Genome Institute (JGI; http://www.jgi.doe.gov/), in collaboration with the user community, following standard JGI protocols for library generation, sequencing, and assembly on the Illumina HiSeq 2000 or 2500 sequencing platforms. Thaumarchaeal amoA, urease gamma subunit (ureC), and ammonium transporter (amtB1) genes were identified through blastn searches using reference genes from all full genome-sequenced marine thaumarchaea and a thaumarchaeal ureC gene obtained from a urea-hydrolyzing enrichment culture (P. Carini, Santoro and Dupont, unpubl.) against the assembled metagenomic data using a 70% nucleotide identity threshold and 50% coverage requirement. Thaumarchaeal 16S rRNA sequences were identified using a 90% nucleotide identity threshold to genome-
Thaumarchaea in the equatorial Pacific sequenced marine thaumarchaea. Coverage information of the raw reads to the assembled contigs was taken directly from the mapping to assemblies generated by JGI. Nucleotide sequence alignments were performed using MAFFT's local pairwise alignment algorithm (L-INS-i; v7.245, Katoh and Standley 2013) with default settings and manually refined based on the translated sequences in AliView (Larsson 2014). Phylogenetic trees were constructed using FastTree (Price et al. 2009 ) using the GTR 1 CAT model for nucleotide trees and the WAG 1 CAT model for the AmtB amino acid tree.
Statistical analyses
All curve fitting and statistical analyses were implemented in MATLAB R2011b (MathWorks, v.7.13) using the Statistics and Curve Fitting Toolboxes. Pairwise correlation analyses used non-parametric Spearman correlations and partial Spearman correlations on untransformed data using the functions "corr" and "partialcorr." Stepwise regression models ("stepwisefit") were evaluated on de-meaned data normalized to a standard deviation of 1. Non-parametric fitting using multiple methods (first-order polynomial, smoothing spline, and local interpolation) was used to investigate the relationship between thaumarchaeal community structure (as %WCB) and physicochemical variables. To investigate relationships through the vertical extent of the water column, biological variables (qPCR and pigment data) were depth-integrated between 10 m and 1000 m using trapezoidal integration and analyzed using non-parametric correlation analysis as above.
Data deposition
All nutrient, qPCR, and nitrification rate data have been archived with the United States National Science Foundation's Biological and Chemical Oceanography Data Management Office (BCO-DMO; bco-dmo.org) in association with the "MetZyme" project. Metagenomic data (both raw data and assemblies) are available in JGI's Integrated Microbial Genomes database (img.jgi.doe.gov) under JGI Project ID numbers 1024961, 1024964, 1024967, 1024970, 1024973, and 1024976. Sequence alignments have been archived with BCO-DMO, also in association with the MetZyme project.
Results

General hydrographic parameters
Sampling extended from the oligotrophic waters of the North Pacific Subtropical Gyre, off the Hawaiian Islands (station 1), across the Equator (station 5) along 157 W, then west to Western Samoa (station 12; Fig. 1A ; ] measurements represent standard error of triplicate measuremetns and in most cases are smaller than the symbol (B, E). Nitrification rates (NTR) determined using 15 NH 4 Cl (filled squares) and Chl a determined using high performance liquid chromatography (filled circles). Error bars for NTR indicate standard error in the model fit, and in most cases are smaller than the symbol; (C, F). Abundance of archaeal amoA genes determined using qPCR for the water column "A" (WCA) and water column "B" (WCB) ecotypes, and dissolved oxygen. Points are the mean of triplicate qPCR analyses; error bars indicade standard deviation from the mean and in most cases are smaller than the symbol. Note that scaling changes on most horizontal axes between stations. also high at station 5, both at the surface (277 ng L 21 ; Table   1 ) and in the deep Chl a maximum (DCM, 448 ng L
21
). The highest subsurface Chl a concentrations were observed at the western edge of the cruise track at stations 10 and 12 (475-510 ng L
). The cruise track intersected the western extent of the Eastern Tropical North Pacific oxygen deficient zone at stations 2 and 3, with low mesopelagic oxygen concentrations approaching the detection limit of the standard CTD oxygen sensor ( 1 lM) ( Fig. 2A) in the North Pacific Subtropical Gyre to 103 nM at station 5 at the Equator (Fig. 2D) . The subsurface NO 2 2 maximum (the primary nitrite maximum) ranged from very low values in the gyre (station 1) and off Samoa (0.05-0.08 lM; stations 10-12) to 2.15 lM at station 7 ( Fig. 2A,D ; Table 1 ). Urea concentrations at station 3, the only station analyzed, were 38 nM at 150 m and below the detection limit at 300 m.
Nitrification rate distributions
Nitrification rates in the oligotrophic gyre at station 1 ranged from 0. Table S1 ). Relatively high rates of nitrification were measured at the Equator, station 5 (Fig. 2E) N NOx were detected in the no-addition controls at any station/depth (data not shown).
Additional experiments were conducted at station 3 (150 m and 300 m depths) to determine rates of coupled urea hydrolysis-nitrification, and the impact of free metal chelation on the rates of those processes (Fig. 3) . At 150 m, rates of coupled urea hydrolysis-nitrification were slightly, but significantly, higher than nitrification alone ( Fig. 3A ; p 5 0.07). Addition of the metal chelator TETA significantly decreased both nitrification and coupled urea hydrolysis-nitrification at both depths (Fig. 3) . TETA addition to a final concentration of 0.1 lM reduced nitrification rates 23% to 4.8 6 0.02 nM d 21 at 150 m. Coupled urea hydrolysis-nitrification was similarly affected, decreasing 19% to 5.9 6 0.3 nM d
21
. Rates at 300 m were more affected by TETA addition, with nitrification decreasing 45% to 1.5 6 0.1 nM d 21 and coupled urea hydrolysis-nitrification decreasing 44% to 1.3 6 0.1 nM d 21 .
Thaumarchaeal ecotype distributions
The WCA clade of amoA-containing archaea is thought to be adapted to the epipelagic, while the WCB clade is thought to be adapted to the mesopelagic. The general shape of depth profiles of WCA amoA genes was as follows: low to undetectable in the mixed layer, maximal near the top of the nitracline, becoming very low (< 10 5 genes L
21
) again below 200 m (Fig. 2C,F) . Across the cruise track (Fig. 4A) , abundances of WCA amoA genes were lowest at station 1, ranging from below detection limits in surface waters and below 500 m to approximately 3.0 3 10 6 genes L 21 at the top of nitracline. Abundance of WCA amoA genes was relatively high at station 5, reaching 7.3 3 10 6 genes L 21 at 60 m, but reached the maximum abundance at station 10, 175 m depth (1.8 3 10 7 genes L 21 ) within a mesopelagic feature containing high abundances of both thaumarchaeal clades at stations 9-12 (Fig. 4A,B) . WCA amoA gene abundance was correlated (p < 0.05) with over 20 hydrographic parameters (Table 2) , exhibiting the strongest correlations with NO 3 : Si (r 5 0.58), the pelagophyte pigment 19'-butanoyloxyfucoxanthin (r 5 0.41), and a negative correlation with the cyanobacterial pigment zeaxanthin (r 5 20.52).
WCA amoA abundance was not correlated with nitrification rate (p 5 0.12), but was inversely correlated with [NH Fig. 1A ), and that the color scale range is different for panels A and B. Points below the detection limit of our qPCR assays were coded as zero values for data interpolation using the weighted-average gridding algorithm in Ocean Data View v4.7.3 with automatic x and y scale lengths.
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Thaumarchaea in the equatorial Pacific WCB amoA genes were also near or below detection limits in the euphotic zone. In contrast to WCA amoA genes, however, WCB amoA depth profiles had increasing abundance through the upper mesopelagic (Fig. 2C,F) , and were detectible down to the deepest depth sampled at every station (1000 m, or 3000 m at stations 5 and 9). As mentioned above, WCB amoA genes were observed in very high abundance within a mesopelagic feature spanning stations 9-12 (Fig. 4B) . Within this feature, WCB amoA abundance reached 4.5 3 10 7 genes L 21 (station 10, 400 m depth). WCB amoA abundance was significantly correlated with nearly every physicochemical parameter measured (Table 2) , owing to a strong correlation between WCB amoA abundance and depth (r 5 0.56, p < 0.001) and the co-variation with depth of most physicochemical parameters. Therefore, a partial correlation analysis, controlling for depth, was also carried out to evaluate factors controlling WCB amoA abundance (Table 3) . Strongest partial correlations were found with indicators of remineralization: total Hg (r 5 0.44, p < 0.001), dimethyl Hg (r 5 0.43, p < 0.001), dissolved cobalt (r 5 0.37, p <0.001), NO 3 : Si (r 5 0.38, p < 0.001), AOU (r 5 0.25, p < 0.01), and fraction remineralized NO 2 3 (r 5 0.25, p 5 0.02). WCB abundance was not successfully modeled using stepwise regression. High abundances of WCB amoA genes were observed underlying waters with relatively high abundances of WCA amoA genes (Fig. 4) ; depth-integrated abundances of WCA and WCB amoA genes were strongly correlated (r 5 0.82, p < 0.01, n 5 11), more so than pairwise correlation of individual samples (r 5 0.24, p < 0.01, n 5 145).
In addition to correlations between the absolute abundance of the ecotypes, we also investigated physical factors that may govern community structure and the shift from a WCA-dominated to a WCB-dominated community by examining the percent of total amoA genes belonging to the WCB clade (%WCB; Fig. 5 ). Plotting %WCB with respect to seawater density shows a relatively sharp boundary around r T 5 26 kg m 23 . Plotted against the depth-dependent variables temperature and phosphate (also a proxy for many micronutrients), there is considerable scatter around the transition from a WCA to a WCB-dominated community (Fig. 5C,D) .
Thaumarchaeal gene content in metagenomes
Metgenomic libraries were constructed from samples collected at stations 3 and 5 at depths from 50 m to 800 m (Table 4; Supporting Information Table S3 ). Thaumarchaeal amoA, amtB, and ureC genes were detected in all samples (Table 4) , but no hits to thaumarchaeal photolyase were detected. Contigs containing a thaumarchaeal 16S rRNA, amoA and/or ureC gene represented 0.003-0.013% of the total assembled sequence data (Supporting Information  Table S3 ). Average fold coverage of these contigs in the raw data was highest in the 550 m and 800 m libraries (Fig. 6) . The ratio of ureC : amoA in each sample ranged from 0.22 (800 m) to 0.55 (50 m), indicating that up to 55% of amoAcontaining thaumarchaeal genomes also contain ureC.
Depth partitioning was apparent in amoA sequences retrieved from the metagenome (Supporting Information Fig.  S1A ). Two WCA clade amoA sequences were recovered from station 5, 50 m and station 3, 150 m libraries forming a monophyletic clade with Ca. N. brevis CN25, distinct from the WCB amoA sequences found deeper in the water column. amoA diversity was greater within the WCB clade, but similar sequences were found at 150 m and 800 m depth. One ureC sequence type apparently affiliated with the WCA clade was found in the station 5, 50 m library, falling within a clade including cultivated thaumarchaea (Supporting Information Fig. S2B ).
Discussion
The aim of this study was to understand the physicochemical controls on the abundance and partitioning of two presumptive ecotypes of ammonia-oxidizing thaumarchaea at the basin scale, and quantify nitrification in the equatorial Pacific, a site of intensive previous studies of nitrogen cycling (Wilkerson and Dugdale 1992; Raimbault et al. 1999) and organic matter export (Murray et al. 1995) . Nitrification rates at station 1 and station 5 displayed a characteristic power law profile (Ward 2008; Newell et al. 2011; Smith et al. 2015) , with highest rates just below the DCM, decreasing exponentially below (Fig. 2B,E) . This was not observed at station 3, where high rates of nitrification near the base of the euphotic zone were not captured (Supporting Information Table S1 ). Loss of the real-time output on the CTD sensor for stations 2-4 prevented choosing precise incubation depths relative to the Chl a maximum at station 3, so it is likely this narrow maximum in nitrification rates was missed by our sampling. Our data are qualitatively consistent with previously observed distributions of nitrification rates in the water column of the tropical Pacific (Ward and Zafiriou 1988; Raimbault et al. 1999; Beman et al. 2012 ) and other oceanic regions (Clark et al. 2008; Newell et al. 2013 ) and provide the first rate measurements of sub-euphotic zone nitrification in this region.
Nitrification is the final step of nitrogen remineralization in the breakdown of organic matter, thus, the depthintegrated nitrification rate should be directly related to organic nitrogen (and carbon) export from the base of the euphotic zone. Surprisingly, there are limited direct comparisons of these two measurements from a single expedition. As mentioned above, the PAR sensor was lost during sampling at station 2, thus direct light measurements with which to calculate euphotic zone depth were not possible for most of the cruise. If we take the depth of the DCM, however, to approximate the 1% light depth as it does throughout much of the oligotrophic ocean (Cullen 2015) (Chai et al. 2002) ]. Depth-integrated nitrification rates were correlated with both depth-integrated Chl a (R 2 5 0.96) and sediment trap PON export at 60 m (R 2 5 0.94), the later reported by Munson et al. (2015) . Previous studies in the Pacific have found positive correlations between depth-integrated primary production and nitrification (Beman et al. 2012; Shiozaki et al. 2016) . The correlations in our data and others support a direct and quantitative connection between nitrification rates, euphotic zone biomass, and PON export (Newell et al. 2011 ).
Rates of nitrification and coupled urea hydrolysisnitrification were similar, and suggest that urea could be an important source of NH 3 fueling nitrification in the mesopelagic as has been recently shown in mesopelagic waters over the Antarctic Shelf (Tolar et al. 2016) . Our experiments cannot resolve whether this transformation is being carried out by a single group of organisms, or a consortium of ureahydrolyzing microbes and ammonia oxidizers, as was recently proposed (Koch et al. 2015) . Cultures of urea-utilizing marine ammonia-oxidizing archaea have been reported (Qin et al. 2014; Bayer et al. 2015) and urease genes have been detected in multiple cultivation-independent studies of marine thaumarchaea (Alonso-Saez et al. 2012; Tully et al. 2012; Swan et al. 2014 ). Here, thaumarchaeal ureC genes were detected in metagenomes at all depths, suggesting that both ecotypes of thaumarchaea may possess the ability to use urea as a source of NH 3 . A recent study, however, did not find evidence of thaumarchaeal ureC expression in the mesopelagic though ureC genes were detected (Smith et al. 2015) . While it has been suggested that urease may be a feature of coastal thaumarchaea (Bayer et al. 2015) , the distribution of ureC genes and degradation rates reported here suggest it may also be an important substrate for nitrogen remineralization in the open ocean (Cho and Azam 1995) .
Nitrification was inhibited by the metal chelator TETA, as would be expected for a group of organisms with abundant metalloenzymes involved in energy metabolism (Walker et al. 2010; Santoro et al. 2015) . In the only study to date to specifically examine the metal requirements of ammoniaoxidizing archaea, Nitrosopumilus maritimus SCM1 was found to be limited at [Cu 21 ] below 10 213 mol L 21 (Amin et al. 2013) . Here, nitrification rates at 150 m showed less inhibition by TETA than rates at 300 m, when expressed as a percent of the uninhibited rate (Fig. 3A) . The greater inhibition of the deeper nitrifying community is somewhat surprising given that many biologically active metals (including Fe and Cu) display nutrient-like characteristics, with low concentrations in the photic zone and increased concentrations at depth from remineralization (Bruland and Lohan 2003) . One potential explanation for the results presented here is that TETA-induced inhibition of nitrification was the result not of Fe or Cu binding, but instead cobalt (Co) binding. Co has a "hybrid" profile, with highest concentrations in the upper mesopelagic, but lower concentrations above and below due to phytoplankton uptake and particle scavenging, respectively (Noble et al. 2008) . At station 3, [Co] was 123 pM at 150 m, but only 70 pM at 300 m (Saito et al. 2014) . TETA has a strong affinity for Co; thermodynamic stability constants show an affinity for metals in the order Cu, Co, Ni, Zn, Fe(III), and Fe(II) (Martell and Smith 1977) . Hence, the combination of decreased Co concentration at depth and addition of TETA could explain the observations here. Differences in metal affinities among the shallow and deep ecotypes of ammonia-oxidizing archaea (AOA) may also partially explain our observations. Fifteen percent of the thaumarchaea at 150 m were from the shallow WCA clade, compared with < 1% at 300 m. If the WCA clade has a higher affinity for a bioactive trace metal, they may be able to access trace metals even in the presence of a strong binding ligand, resulting in less relative inhibition at shallower depths. Finally, the presence of different metal binding ligands naturally occurring in the water column at 150 m and 300 m with different relative stability constants may also play a role in the differential inhibition at different depths.
The overall depth distribution of thaumarchaea observed here-low abundances throughout the euphotic zone, peak abundance in the upper mesopelagic, and slightly decreased abundance below-is similar to previous reports of thaumarchaeal distributions in the ocean (Karner et al. 2001; Herndl et al. 2005; Newell et al. 2013) . Church et al. (2010) mapped the abundance of thaumarchaeal amoA genes across the equatorial Pacific slightly west of our transect, finding the highest mesopelagic amoA abundances near the Equator, at 3.0 S and 1.7 N. Total amoA abundances here, calculated as the sum of WCA and WCB amoA genes, agree surprisingly well with the Church et al. study, given the inherent variability of sampling microorganisms in the ocean and the differences in qPCR assays used between the two studies. For example, depth-averaged amoA abundance between 300 m and 1000 m at station 2 (2.5 3 10 6 genes L
21
) is nearly identical to that calculated by Church et al. at 13.5 N (2.3 3 10 6 copies L 21 ) over the same interval, implying that the WCA and WCB distributions observed here are broadly characteristic of the equatorial Pacific through time.
The WCA ecotype appears to be responsible for the high rates of ammonia oxidation at the top of the nitracline. At stations where nitrification rates were determined, WCA amoA genes were abundant at the same depth as the nitrification rate maximum (Fig. 2) , where few WCB genes were found, and were inversely correlated with [NH 1 4 ], suggesting they are a sink for NH 1 4 . WCA amoA genes were also strongly correlated with geochemical tracers of remineralization, in particular NO 3 : Si, an indication of the shorter remineralization length scale of N vs. Si in this region (Raimbault et al. 1999; Jiang et al. 2003; Buesseler et al. 2008 ) and/or the remineralization of non-diatomaceous organic matter. These results support previous findings that WCA amoA genes are correlated with nitrification rates in a temporal study in Monterey Bay, California (Smith et al. 2014) and NO 3 : Si (Smith et al. 2015) . As these depths are associated with the highest nitrification rates, we suggest members of the WCA clade are responsible for most of the ammonia oxidation in the ocean. This high activity appears to be catalyzed by a relatively low diversity of WCA amoA genes in the 50 m metagenome (Supporting Information Fig. S1 ), though this may be influenced by the relatively low sequence coverage of thaumarchaea at this depth.
Our data are equivocal in identifying the causes of a transition from a WCA-dominated to a WCB-dominated thaumarchaeal community. While temperature is an important master variable in the ecology of other marine microbes (Zubkov et al. 2000) , this was not observed here. Similarly, though oxygen has previously been observed to influence the composition of amoA-containing thaumarchaea (Bouskill et al. 2012) , and here is negatively correlated with both WCA and WCB abundance, it does not appear to be the primary driver of the ecotype division. We did, however, observe a relatively sharp transition at approximately the r t 5 26 kg m 22 isopycnal, just below the euphotic zone and at the maximum NO3 : Si, suggesting that niche differentiation between the WCA and WCB ecotypes may be driven by substrate (ammonium) flux. These data support the observations of Sintes et al. (2013 Sintes et al. ( , 2015 Sintes et al. ( , 2016 and Smith et al. (2015) , who suggested that the shallow and deep ecotypes are adapted to "high" and "low" ammonium concentrations, respectively. We posit, however, it is not ammonium concentration, but rather ammonium flux, through these depths that is more likely a driver of niche differentiation, as [NH 1 4 ] in our dataset is below 120 nM at all depths. It should also be noted that the availability of other remineralization products that could contribute to growth of ammonia oxidizers (trace metals, amino acids, or other organic compounds) would also be high at these depths, which could contribute to selection for the shallow ecotype at the depths of the highest remineralization rates.
If differentiation between the WCA and WCB ecotypes is, in fact, related to NH 3 /NH 1 4 flux, it may also be the result of differences in affinity for NH 1 4 for assimilation, not oxidation. The extended N-terminus of the AmtB-1 protein in thaumarchaea contains a large number of negatively charged residues, which may contribute to NH 1 4 affinity (Offre et al. 2014) . Despite the depth partitioning of AmtB-1 observed here (Supporting Information Fig. S2 ), we found no differences in the number of negatively charged residues in the predicted N-terminus loop structure between shallow and deep sequences, and the three hypothesized NH 1 4 binding residues are conserved in these sequences as they are in all thaumarchaea (Offre et al. 2014) .
The correlation between the depth-integrated inventory of WCA and WCB ecotypes suggests the abundance of WCB organisms in deep mesopelagic waters is linked to processes occurring shallower in the water column, as has been suggested by previous diversity-based investigations of AOA (Sintes et al. 2015) and is apparent in the quantitative data of Church et al. (2010) . While this result may seem somewhat intuitive, few studies have examined potential correlations between microbial abundance in the epipelagic and mesopelagic across the spatial scales examined here. Nagata et al. (2000) found a correlation both between epipelagic phytoplankton biomass and mesopelagic microbial biomass, and mesopelagic and bathypelagic microbial biomass in the Pacific. Ar ıstegui et al. (2009) found similar correlations in a synthesis of available microbial cell count data. Yet, in the Arabian Sea, contemporaneous measures of POC and microbial standing stocks were not correlated, but were when considering annual averages of export (Hansell and Ducklow 2003) . Here, we found that the water column inventory of the WCB ecotype through the lower mesopelagic was linearly related to POC and PON flux at 60 m (R 2 5 0.99, n 5 3) across a strong gradient in export flux. Others have argued that water mass history is the primary determinant of microbial community structure in the mesopelagic (Reinthaler et al. 2010) . Our data instead indicate that mesopelagic microbial communities, in fact, retain the imprint of material export from the surface. Waters in the 400-600 m depth range along the cruise track south of the Equator originate from the same source waters, predominantly Subantarctic Mode Water (Rafter et al. 2012 , and references therein), thus it seems unlikely that water mass origin is the primary determinant of the large variations in WCB abundance we observed across the study area. Instead, our data contribute to a growing demonstration of the connection between surface and mesopelagic microbial communities (Cram et al. 2015; Frank et al. in press) . The extent to which a quantitative approach to mesopelagic community structure can inform our quantitative understanding of POC and PON export from the surface is an area for future research.
